, for the Epidemiological Investigation of Rheumatoid Arthritis (EIRA) Study Group Gene-gene and gene-environment interactions are key features in the development of rheumatoid arthritis (RA) and other complex diseases. The aim of this study was to use and compare three different definitions of interaction between the two major genetic risk factors of RA-the HLA-DRB1 shared epitope (SE) alleles and the PTPN22 R620W allele-in three large case-control studies: the Swedish Epidemiological Investigation of Rheumatoid Arthritis (EIRA) study, the North American RA Consortium (NARAC) study, and the Dutch Leiden Early Arthritis Clinic study (in total, 1,977 cases and 2,405 controls). The EIRA study was also used to analyze interactions between smoking and the two genes. "Interaction" was defined either as a departure from additivity, as interaction in a multiplicative model, or in terms of linkage disequilibrium-for example, deviation from independence of penetrance of two unlinked loci. Consistent interaction, defined as departure from additivity, between HLA-DRB1 SE alleles and the A allele of PTPN22 R620W was seen in all three studies regarding anti-CCP-positive RA. Testing for multiplicative interactions demonstrated an interaction between the two genes only when the three studies were pooled. The linkage disequilibrium approach indicated a gene-gene interaction in EIRA and NARAC, as well as in the pooled analysis. No interaction was seen between smoking and PTPN22 R620W. A new pattern of interactions is described between the two major known genetic risk factors and the major environmental risk factor concerning the risk of developing anti-CCP-positive RA. The data extend the basis for a pathogenetic hypothesis for RA involving genetic and environmental factors. The study also raises and illustrates principal questions concerning ways to define interactions in complex diseases.
Rheumatoid arthritis (RA [MIM 180300]) is a prototype of an autoimmune disease with complex etiology that is assumed to involve several genetic as well as environmental factors. The clinical hallmark of RA is symmetrical inflammatory arthritis. The disease is more common among women than men. The major risk factors that have so far been reproducibly identified are genetic variations in the major histocompatibility complex, class II, DR beta 1 (HLA-DRB1 [MIM 142857]) and protein tyrosine phosphatase (PTPN22 [MIM 600716]) [1] [2] [3] [4] genes and one environmental risk factor, smoking. [5] [6] [7] [8] With regard to all three risk factors, the major effects have been seen in one subset of RA, characterized by the presence of antibodies to citrullinated proteins (anti-CCP), but not in the subset of RA in which these antibodies are not detected. 2, 3, 7, 8 Recently, a pronounced gene-environment interaction was identified between smoking and HLA-DRB1 shared epitope (SE) alleles. [6] [7] [8] The demonstration of this gene-environment interaction, together with immunological studies in animal models of arthritis, led us to form a new etiologic hypothesis suggesting that smoking contributes to citrullination and to triggering of anti-citrulline immunity, which is restricted by HLA-DRB1 SE alleles. 7, 9 Since the PTPN22 gene codes for a tyrosine phosphatase, with a potential function in the regulation of T-cell and B-cell activation, it is of obvious interest for the study of the etiology of RA to know how this more recently described risk gene interacts with the classical HLA-DRB1 SE genes, as well as with smoking.
Studies of interaction among risk factors in the epidemiological literature have classically been performed using a departure from the additivity model originally described by Rothman, where a term-the attributable proportion due to interaction (AP)-is used to quantify the contribution of interaction to a disease risk, as compared with the contribution of each of the two risk factors added to each other. [10] [11] [12] This method can also be used to quantify gene-gene interactions for unlinked loci. An alternative common method for quantifying gene-gene interactions is based on the calculation of the two risk factors' product term in a logistic-regression model (multiplicative or statistical interaction). Recently, another method for detecting gene-gene interaction, based on deviation from independence of penetrance in two unlinked loci, was proposed. 13 As reported in this article, we used these three methods to calculate interactions between the HLA-DRB1 SE alleles and PTPN22 risk allele (R620W) in three different major case-control studies of RA: the Swedish Epidemiological Investigation of Rheumatoid Arthritis (EIRA) study, the North American RA Consortium (NARAC) study, and a Dutch case-control study based on the Leiden early arthritis cohort. 5, [14] [15] [16] [17] We used the largest one of these, which is also the one in which smoking information is the most detailed (the EIRA study [5] [6] [7] 14 ) , to calculate interaction between the PTPN22 risk allele and smoking, with regard to the risk of anti-CCP-positive RA, using the departurefrom-additivity model. A significant interaction between HLA-DRB1 SE alleles and the PTPN22 R620W allele was seen with all methods when the three studies were pooled, but the departure-from-additivity model was able to identify interaction in each one of the studies analyzed separately, whereas the multiplicative model identified this interaction only when the three studies were pooled. No interaction was seen between smoking and PTPN22. This new description of the interaction patterns among the three major known risk factors of RA, which all work in one but not the other major subset of the disease, provides a basis for further etiologic investigations of this disease, with an increased emphasis on T-cell activation and specificity. In addition, the data illustrate the need for consideration and comparison of different methods for calculating interactions in complex diseases.
Material and Methods
This report is based on data from three different studies: (1) the EIRA, (2) the NARAC, and (3) the Leiden Early Arthritis Clinic (Leiden EAC). In each study, ethical permission was obtained from the relevant ethical committees, and all the participants consented to contribute to the study.
In the EIRA study, we recruited cases and controls aged 18-70 years during May 1996 to December 2003 from a geographically defined area in the south and central regions of Sweden. A case was defined as a person in the study base who was given a firsttime diagnosis of RA, according to the American College of Rheumatology (ACR) criteria of 1987, 18 by rheumatologists at private as well as general health care units in the participating area. Controls were randomly selected from a continuously updated national population register, with consideration given to age, sex, and living area. If the selected control was not traceable, reported having RA, or refused to participate, a new control was selected using the same procedure. More details about the study are described in other reports of the EIRA study. [5] [6] [7] 14, 19 The second study used in this report, the NARAC, consists of affected sibling pairs who fulfilled the 1987 ACR criteria 18 and matched, unrelated controls recruited from the New York Cancer Project. Details regarding NARAC are provided elsewhere. 15, 16 The third study used, the Leiden EAC, consists of patients with confirmed RA with early onset and hospital-based controls with and without deep venous thrombosis. Details on the Leiden EAC and the controls used are given elsewhere. 17, 20 
Biological Parameters and Genotyping
Analysis of anti-CCP antibodies for samples from the EIRA study, as well as for samples from the Leiden EAC, was made with the Immunoscan-RA Mark2 ELISA, as described elsewhere. 2, 21 Cases with serum antibody levels 125 U/ml were regarded as anti-CCP positive. Rheumatoid factor status for cases was determined using standard procedures. Antibodies toward CCP in NARAC cases were measured using a second-generation commercial anti-CCP ELISA (Inova Diagnostics). Cases with antibody levels 120 U/ml were regarded as anti-CCP positive.
Genotyping procedure of the PTPN22 and HLA-DRB1 genes is described in previous articles. 2, 4, [7] [8] [9] 22 Allocation to SE was based on local guidelines as described elsewhere, with the HLA-DRB1 alleles DRB1*01, DRB1*04, and DRB1*10 defined as SE alleles. For simplicity of evaluation, we assumed a dominant A allele model for the PTPN22 R620W polymorphism and a dominant SE allele model. Subjects with SE alleles were classified as having single or double SE alleles, for a separate evaluation of a potential genedosage effect.
Smoking Information
Smoking was considered only for the EIRA study. On the basis of self-reported information from the EIRA questionnaire, we divided participants into "ever smokers" and "never smokers." An ever smoker was defined as a person who had ever smoked cigarettes. A never smoker was defined as a person who had never smoked cigarettes, pipes, cigars, etc.
Statistical Analysis
We calculated odds ratios (ORs) and 95% CIs of developing anti-CCP-positive RA and anti-CCP-negative RA associated with each of the factors-PTPN22 R620W alleles, HLA-DRB1 SE alleles, and smoking-by means of logistic-regression models. We estimated their separate effects, as well as the effect of their simultaneous presence. All analyses based on the EIRA study were adjusted for the matching variables: age (10 categories), living area (11 categories), and sex, together with smoking and presence of HLA-DRB1 SE alleles when appropriate. Analyses based on the NARAC study or the Leiden EAC were adjusted for sex and age (using the same categories as in EIRA).
Interaction effects between the presence of HLA-DRB1 SE and PTPN22 R620W alleles were evaluated using three different approaches. First, interaction between presence of HLA-DRB1 and PTPN22 R620W alleles was evaluated using departure from additivity of effects as the interaction criteria (biological interaction), as suggested by Rothman. 10, 11 To quantify the amount of interaction in terms of departure from additivity of effects, the AP was calculated together with the 95% CI. 12 The AP is the proportion of the incidence among persons exposed to two interacting factors that is attributable to the interaction per se (i.e., reflecting their joint effect beyond the sum of their independent effects). A more detailed description regarding explanation, definition, and programs used to calculate AP with CIs is given elsewhere. 10, 12, 23 We assessed the AP for each study as well as the pooled estimate when all studies were combined (with adjustment for study). To investigate potential mechanistic pathways further, we also calculated interaction effects between the pres- ence of PTPN22 R620W alleles and smoking and between smoking and the presence of HLA-DRB1 SE alleles, using the departurefrom-additivity-based method. Second, interaction between presence of HLA-DRB1 and PTPN22 R620W alleles was evaluated using the cross-product of the risk factors in a logistic-regression model as interaction criteria (multiplicative or statistical interaction). 10, 11 We also pooled the three studies, to increase power to detect multiplicative interaction. In the analysis of multiplicative interaction, we adjusted for age, living area (only EIRA), and sex, as well as for study in the pooled analysis.
Third, we used a recently developed method to assess genegene interaction, which is based on deviation from independence of penetrance of two unlinked loci. This is referred to as the "linkage disequilibrium (LD) statistic." 13 We also calculated x 2 statistics to compare allele distribution in the different studies, for cases and controls separately. We used SAS software for Windows, version 9.1 (SAS Institute), to analyze the data.
Results
This report is based on a total of 1,977 cases and 2,405 controls, distributed across the different studies as follows: EIRA, 1,183 cases and 793 controls; NARAC, 430 cases and 731 controls; and Leiden EAC, 364 cases and 881 controls.
The EIRA study mainly involved individuals born in Sweden. When those born outside Sweden were also taken into consideration, 97% were of white origin. Of the cases, ∼61% had anti-CCP-positive RA. The corresponding figures for presence of anti-CCP in the NARAC and the Leiden EAC studies were 81% and 56%, respectively. As published elsewhere, 2,4 the A allele of PTPN22 R620W and the HLA-DRB1 SE alleles were both associated with increased risks of developing anti-CCP-positive RA, separately as well as when analyzed simultaneously in the same model (table  1) . In general, ORs calculated from the NARAC study were higher than those calculated from the EIRA or the Leiden EAC study. In NARAC, the A allele of PTPN22 R620W and the HLA-DRB1 SE alleles were also associated with increased ORs for anti-CCP-negative RA, although not at the magnitude as those for anti-CCP-positive RA (table 2) .
Interaction between PTPN22 Alleles and HLA-DRB1 SE, Regarding Risk of Anti-CCP-Positive and Anti-CCP-Negative RA
The cell frequencies for different combinations of HLA-DRB1 and PTPN22 alleles for cases and controls in the three studies are displayed in table 3. There was a high resemblance in allele distribution for HLA-DRB1 and PTPN22 in the three patient materials. The controls, however, differed in allele distribution both for HLA-DRB1 and PTPN22, with higher prevalence regarding both HLA-DRB1 SE alleles and the A allele of PTPN22 R620W in the EIRA as compared with the NARAC ( ) and the Lei-P ! .001 den controls ( ). P ! .001 In the EIRA study, the OR of developing anti-CCP-positive RA for subjects having at least one copy of the A allele of PTPN22 R620W and at least one HLA-DRB1 SE allele was 9.9 (95% CI 6.8-14.3), compared with subjects with the nonsusceptible GG genotype of PTPN22 R620W and without HLA-DRB1 SE alleles (table 4). In the NARAC study, ORs were higher than corresponding ORs based on the EIRA material. The overall results from Leiden EAC were similar to the results from the EIRA study. No significant risk for anti-CCP-positive RA was conferred by the R620W A allele in individuals lacking the HLA-DRB1 SE allele, although the pooled estimate for the three studies combined was associated with a slightly increased risk (OR 1.4 [95% CI 1.0-2.1]). Since the results were similar for women and men, we display results for both sexes combined only.
Quantification of the interaction between HLA-DRB1 SE and the PTPN22 R620W A allele, by means of calculating the AP, showed that the interaction was statistically significant in all three studies (EIRA AP 0. We also investigated interaction between the HLA-DRB1 SE and the PTPN22 R620W A alleles, using formulas describing multiplicative interactions (table 4) . We did not find evidence of a significant multiplicative interaction between the susceptibility alleles in any of the studies analyzed separately. However, when we tested the pooled material for evidence of a positive interaction term, we found evidence of multiplicative interaction ( ) (table 4) . P p .025 We also found evidence of significant gene-gene interaction by using the LD statistic, which is a measure of deviance from independent penetrance of two unlinked loci. We obtained significant P values for the pooled material (P p ) (table 4) and the EIRA ( ) and NARAC ( .027 P p .02 P p ) studies, but not for the Leiden EAC study ( ). .035 P p .76 The OR for the presence of the R620W A allele and two HLA-DRB1 SE alleles was 25.7 (95% CI 17.0-38.9) when compared with those lacking both HLA-DRB1 SE alleles and the PTPN22 R620W A allele (all studies combined) (table 5); the corresponding AP was 0.5 (CI 0.2-0.7). We did not find any statistically significant increased ORs of anti-CCPnegative RA regarding the PTPN22 R620W allele or HLA-DRB1 SE alleles in the EIRA or the Leiden EAC studies.
Interaction between PTPN22 and Smoking, Regarding Risk of Anti-CCP-Positive and Anti-CCP-Negative RA
A significant interaction (significantly increased AP) has previously been demonstrated between HLA-DRB1 SE and smoking, concerning the risk to develop anti-CCP-positive RA. 7 When we performed the same analysis for interaction between the presence of different allelic forms of the PTPN22 gene and smoking, no interaction between these two susceptibility factors was observed (data not shown) for either anti-CCP-positive or anti-CCP-negative RA.
Interaction among PTPN22, HLA-DRB1 SE, and Smoking, Regarding Risk of Anti-CCP-Positive and Anti-CCP-Negative RA
Finally, all three factors were added into an analysis of their combined effects as susceptibility factors for anti-CCP-positive RA and anti-CCP-negative RA in the EIRA study. As shown in table 6 and figure 1, a complex pattern of interactions was observed, with very high ORs for the A allele of PTPN22 R620W in combination with HLA-DRB1 SE alleles and very high ORs also for smoking in combination with HLA-DRB1 SE alleles. Taken together, ORs between 20 and 25 were observed for combinations of HLA-DRB1 SE alleles, smoking, and the A allele of PTPN22 R620W. No increased ORs for any of the risk factors or any of the combinations were seen for anti-CCPnegative RA (table 6 and fig. 1B ). Sex-specific subanalysis was performed in all the different studies reported. Stratification by sex, however, demonstrated only marginal differences in observed effects (data not shown).
Discussion
The major finding reported in this article is the presence of an interaction between the two major genetic polymorphisms, HLA-DRB1 SE and PTPN22 R620W, for developing anti-CCP-positive RA. An additional finding is the absence of an interaction between smoking and the PTPN22 risk allele. A point for discussion raised in our report and illustrated by our findings is that different methods for quantifying interactions may yield quite different results and that different methods should be considered when analyzing interactions in complex diseases.
The current study uses data from three major case-control studies of different white populations-that is, the Swedish EIRA study, the North American NARAC study, and the Dutch Leiden EAC. In all three studies, HLA-DRB1 and PTPN22 genetic polymorphisms were previously shown to be associated with an increased risk for anti-CCP-positive, but not anti-CCP-negative RA. 2, 3, 7, 8 On the basis of these findings, we calculated the interaction between the genes in the two subsets of RA.
When the departure-from-additivity model was used, clear evidence of interaction was seen in all three studies analyzed separately, as well as when analysis was done on pooled data from all the studies. When the multiplicative model was used, evidence of a gene-gene interaction was seen only when the three materials were pooled but not when they were analyzed separately, suggesting a lack of power to detect epistasis in each study separately. When the LD method was used, the pooled analysis as well as the separate analyses on EIRA and NARAC gave evidence of interaction. Taken together, these data thus provide strong evidence of the existence of a gene-gene interaction between HLA-DRB1 SE alleles and the PTPN22 R620W allele in increasing the risk for the development of anticitrulline antibody-positive RA. The concept of interaction was discussed by Rothman in connection to the introduction of the component cause model. 11 Referring to the concept of this model, intended to explain causality, two risk factors can be independent if no pathway to disease requires the involvement of both risk factors. Alternatively, a biological interaction is considered to be present if there is at least one pathway toward disease that requires the involvement of both risk factors. Interaction in this sense is detected by comparing the effect among those exposed to both factors with the sum of the effects attributed to each of the two factors per se. Thus, "interaction," as defined by a deviation from additivity, has a biological interpretation. When two contributory causes are interacting, there exists a pathway to disease requiring both factors. Thus, such interactions are relevant from a mechanistic perspective. Application of the previously described concept of additive interaction to the results from the present study would imply that having antigenpresenting cells with MHC class II molecules containing SE alleles (component cause one) and T-cells with dysfunctional down-regulation associated with the PTPN22 R620W allele (component cause two) would increase disease manifestation more than the expected sum of each separate cause. This interaction is seen entirely among the anti-CCP-positive cases. The observed interaction thus indicates the existence of a disease mechanism for anti-CCP positive RA that requires the simultaneous presence of the HLA-DRB1 SE alleles and the PTPN22 R620W allele.
An alternative common method for quantifying interactions is based on the calculation of the two risk factors' product term in a logistic-regression model (multiplicative interaction). In relation to the notion of interaction given above-that is, the existence of at least one pathway toward disease that requires the involvement of both risk factors-interaction may be detected by means of a departure from the multiplicative model as well, though this detection will have a lower sensitivity and higher specificity in relation to the corresponding detection by means of departure from additivity. Both the additive and multiplicative models offer the possibility to have additional terms in the model to adjust for other factors (e.g., environmental factors). The ability to adjust for additional factors may thus make these models more usable than the currently used LD method.
These analyses have been based on an analysis of three different patient collections; therefore, it is important to consider the differences among them, particularly with regard to the appropriateness of combining the data for some analyses. The case-control study (EIRA) that provides one basis for this and previous [5] [6] [7] 14, 19 investigations of risk factors of RA was designed to capture all incident cases of RA in a certain geographical region of Sweden and to use age-and sex-matched controls randomly selected from the population in the same area. The high recruitment rate of both cases and controls 14 suggests that selection bias in both cases and controls is small and, thus, that results well represent true values for a Swedish population with early RA. The cases with RA in the NARAC study are prevalent cases who were recruited from various U.S. hospitals after their diagnosis had been verified by a rheumatology specialist. Cases, who were of white origin, were selected on the basis of the severity of their disease, which is associated with presence of HLA-DRB1 SE alleles, which could explain why we observe higher ORs in the NARAC study. The controls were recruited from a healthy population in New York during a cancer surveillance program, and individuals were selected to match RA cases for age, sex, and ethnicity. The RA cases in the EAC study are incident cases recruited from the Leiden area, as described elsewhere, 17 and the diagnosis was confirmed by a rheumatologist. The controls were recruited from a matched hospitalized group that included a high proportion of subjects with venous thrombosis.
The study design in EIRA allows us to interpret the ORs as relative risks, which is not the case for NARAC or Leiden EAC. The formula for calculating the AP contains relative risk; hence, the estimated APs for the NARAC and the Leiden EAC might be less accurate than those for the EIRA.
Concerning the interactions between smoking and the HLA-DRB1 and PTPN22 genes, we restricted our analysis to the EIRA material, since, in NARAC, the smoking information was collected differently among cases (prevalent cases with a long history of disease) and controls (from another study). Also, since smoking was associated with deep venous thrombosis in the Leiden EAC and a substantial part of the Leiden controls suffered from it, inclusion of this sample would have led to biased estimates.
In contrast to the previous demonstration of an interaction between smoking and HLA-DRB1 SE in EIRA, 6, 7 we found no interaction (neither with the additive nor multiplicative models) between smoking and presence of the PTPN22 R620W A allele. Further, none of these three susceptibility factors and neither of their combinations provided any significantly increased risk for anti-CCP-negative RA in the EIRA material.
The two genes discussed in the present report do both have functions related to activation of the adaptive immune system. The main function of HLA-DR antigens is to present antigens to T lymphocytes, whereas the protein tyrosine phosphatase coded for by the PTPN22 gene appears to have important functions in setting the threshold for T-cell activation, 24 although other functions have also been implicated for this enzyme. 25 The fact that both these genes are associated almost exclusively with the anti-CCPpositive subset of RA, and the fact that the PTPN22 R620W A allele appears to contribute a risk mainly when HLA- DRB1 SE alleles are present, thus provide strong additional evidence that MHC class II-dependent T-cell activation is of central pathogenetic importance for the subset of RA characterized by presence of anti-CCP antibodies. An etiologic hypothesis has recently been proposed that may explain the strong interaction between smoking and HLA-DRB1 SE alleles-the proposition being that smoking may contribute to citrullination of proteins in the lung and that immune activation against such posttranslationally modified proteins may occur preferentially in individuals carrying HLA-DRB1 SE alleles, since citrullination may specifically increase the affinity between a protein and an SE-containing HLA-DR b chain. 26 This hypothesis was made even more attractive by the recent demonstrations that citrullination of self-antigens may make them more immunogenic and arthritogenic 9 and that transfer of antibodies to citrullinated fibrinogen enhances the development of antibody-transferred arthritis in mice. 27 The absence of interaction between smoking and presence of the PTPN22 R620W A allele adds to the significance of the previous finding of SE-smoking interaction, since it is now shown that interactions with smoking is specific to HLA-DRB1 SE and is not seen for other genes related to immune activation, at least not for PTPN22.
In a more general sense, the present and previous studies of gene-gene and gene-environment interactions in RA show how a given genetic polymorphism-such as the R620W allele of PTPN22, which alone provides a moderate OR thought to be typical for many risk genes in complex diseases-can exert much more significant effects in combination with other risk factors-here, the HLA-DRB1 SE alleles. The data also emphasize how an environmental factor can interact with susceptibility genes in different subsets of a disease. Our analysis also illustrates how interaction between genetic variations, as well as environmental risk factors, needs to be investigated in the context of genetic and environmental risk factors described elsewhere, to understand the complexity of complex diseases.
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